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Atom-light interactions in nano-scale systems hold great promise for novel technologies based on
integrated emitters and optical modes. We present the design architecture, construction method,
and characterization of an all-glass alkali-metal vapor cell with nanometer-scale internal structure.
Our cell has a glue-free design which allows versatile optical access, in particular with high numerical
aperture optics, and incorporates a compact integrated heating system in the form of an external
deposited ITO layer. By performing spectroscopy in different illumination and detection schemes, we
investigate atomic densities and velocity distributions in various nanoscopic landscapes. We apply
a two-photon excitation scheme to atoms confined in one dimension within our cells, achieving
resonance line-widths more than an order of magnitude smaller than the Doppler width. We also
demonstrate sub-Doppler line-widths for atoms confined in two dimensions to micron-sized channels.
Furthermore, we illustrate control over vapor density within our cells through nano-scale confinement
alone, which could offer a scalable route towards room-temperature devices with single atoms within
an interaction volume. Our design offers a robust platform for miniaturized devices that could easily
be combined with integrated photonic circuits.
I. INTRODUCTION
Individual atoms or atomic ensembles offer an attrac-
tive platform for quantum sensing and devices. Atom-
light interactions have already found use in applications
such as clocks [1, 2], optical filtering [3–5], magnetome-
try [6–15], and laser stabilization [16, 17]. However, most
atomic devices are either macroscopic or at best meso-
scopic [9]. For some applications, it would be attractive
to achieve nano-scale confinement or localization, which
is standard for solid-state systems [18] but challenging
for atoms.
Indeed, work towards confinement of atoms and light
fields on the micro- and nano-scales has increasingly of-
fered diverse access to studying fundamental physics [19–
27], sensing [10, 28–32], miniaturization of optical de-
vices [1, 7, 33], and quantum technologies [34–39]. Al-
though the first atom-on-chip attempts date back about
two decades [40, 41], the difficulties of taming surface
effects such as van der Waals forces [42–44] have ren-
dered the control of cold atoms at nanoscopic distances
elusive [45].
The continued study of atom-light interaction in ther-
mal vapors has offered diverse access to fundamental
physics [46–48], and miniaturization of such thermal
vapor systems is an emerging alternative approach to
atomic physics at the micrometer- and nanometer-scale.
Examples include confinement of vapors to micron-sized
hollow core fibers [49] and construction of sub-micron
alkali-metal vapor cells [32, 50–52]. Developments in
miniaturized alkali-metal vapor cell technology on the
millimeter scale have already enabled new atom-based
devices, such as chip-scale atomic clocks [53] and mag-
netometers [7]. Promising further technological develop-
ments on the micrometer-scale include integrated diffrac-
tive elements [54]. As well as the fundamental inter-
est in atom-light interactions at the nano-scale already
highlighted, there is also interest in interfacing thermal
vapors with nanophotonics [55–58] and integrated opto-
mechanical features [59]. However, much work remains to
be done before nanometer-scale vapor-based devices can
be used in technological applications, e.g. for local sens-
ing [15] or quantum networks [36, 60]. In particular, reli-
able fabrication methods are needed for the realization of
scalable and efficient platforms. Furthermore, the inter-
actions of the atoms with the cell walls [20, 29, 30, 42, 61]
as well as their velocity distribution and diffusion behav-
ior have to be investigated and understood.
In this work we present a new platform that produces
long lifetime (at least 1 year) alkali-metal vapor nano-
cells. Using laser lithography and reactive ion etching
we create regions with internal dimensions from 2µm to
400 nm (though smaller structures with dimension below
100 nm are possible), filled with rubidium vapor. We
demonstrate full optical access that facilitates the use of
conventional high numerical aperture (NA) optics for effi-
cient atom-light coupling. Previously reported nano-cells
are generally wedge-shaped, with confinement in one spa-
tial dimension decreasing continuously to 0µm [32, 50].
This wedge design, in combination with thick cell win-
dows, does not allow for such versatile optical access or
use of high-NA optics, nor near-arbitrary patterned con-
finement geometries. In contrast, existing works demon-
strate the use of hollow-core fibers for confinement of
atomic vapors in not one but two spatial dimensions.
However, these are limited to core sizes of order microns.
In this study, we show that our nano-cell etching pro-
cess presents a significant improvement, producing atom
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2confinement in one and two dimensions with sub-micron
lengthscales. For the reasons outlined above, our novel
design and manufacturing process presents a significant
advancement in nano-cell and confined-vapor technology.
We illustrate the benefits and capabilities of our nano-cell
by experimentally demonstrating two excitation and de-
tection schemes for atoms confined within various nano-
scale structures. Our approach opens doors to efficient
and compact architectures for performing quantum nano-
optical studies.
II. NANO-CELL FABRICATION
Figure 1(a) displays the schematics of our glass nano-
cells, depicting a side view of the cell region, with
nanoscopic features located at positions (iii) and (iv).
A tube conduit (diameter 5 mm, labelled (vi)) connects
this nano-structured region to an alkali-metal reservoir.
The glass cell is assembled from three distinct parts that
we refer to as: the cover slide (labelled (i)); the block (la-
belled (ii)); and the reservoir (located below label (vi)).
In this work, the block was a fused silica cuboid of dimen-
sions 10 mm×20 mm×30 mm, though this was chosen for
manufacturing convenience and could be considerably re-
duced in size for future applications. The cover slide is a
fused silica panel of dimensions 0.5 mm×20 mm×30 mm
into which we “write” the nano-structures of choice.
To do this, we pattern micro- and nano-scale features
into photoresist using direct-write laser lithography, and
transfer these to the glass substrate using reactive ion
etching [62]. Figure 1(b) shows a photograph of the cell
under white-light illumination (full details of cell charac-
terization will be discussed in Section III).
The block is optically polished on all sides to increase
optical access to the nanoscopic regions, and to facili-
tate the formation of an optical contact bond (OCB). We
form an OCB between the cover slide and the block to
act as a vacuum seal encircling the patterned area. The
cover slide is placed on the block such that the micro-
and nano-patterns form a confined region between the
two pieces, which also overlaps the internal tube of the
block to allow vapor to enter. Figure 1(b) shows the OCB
surrounding the patterned area, seen as lack of Newton’s
fringes between the two fused silica pieces. Once an OCB
encircling the nano-regions and milled aperture has been
formed, the bond is made permanent by firing in a kiln
at 1000 ◦C for 6 h at atmospheric pressure. The OCB
process up until firing is reversible. Two fused silica
spacer columns (labelled in Fig. 2(a)) were included in
our cell design to prevent the cavity thickness from devi-
ating from the design specification due to bowing during
the next fabrication step, when the air is pumped out to
produce a vacuum.
To load the nano-cell with alkali-metal atoms (in our
case rubidium at natural abundance) the fired pieces are
attached to a borosilicate glass manifold by glassblowing.
A vacuum pump and a rubidium break seal ampoule are
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FIG. 1. (a) Side cross-section schematic (not to scale) and (b)
front-facing photograph of the nano-cell. The etched cover
slide (i) is contacted onto the block (ii) such that the etched
patterns form a nano-thickness region (iii) and nano-channels
(iv) between the two glass pieces. An optical contact bond (v)
surrounds the etched area to act as a vacuum seal. The rubid-
ium reservoir below (vi) is attached to provide atomic vapor
into the nano-structured region. This cell contains areas with
confinement in both one and two dimensions. (c) Front-facing
bright field microscopy images of various channel structures,
with widths 400−5000 nm. A number of copies of these struc-
tures are etched into the cover slide to provide a range of
depths (400 − 2000 nm). These channel structures reside in
the horizontal black bars, labelled (iv) in (b). Vapor is sup-
plied from below in this image. (d) SEM image of a single
channel aperture (indicated by the white box in (c)).
attached to the manifold, which is evacuated and gener-
ally sealed off at 10−6 mbar. The rubidium ampoule is
broken and, by melting with a low flame, liquid rubid-
ium is made to flow towards the block. A short (typi-
cally 5 cm) section of the manifold immediately adjacent
to the block, and containing condensed rubidium, is then
sealed and detached to enclose the complete nano-cell.
This section of borosilicate glass tube attached to the
bottom of the block is referred to as the reservoir (see
Fig. 1(a), part (vi)). Note that the cell is not baked
during the evacuation process. However, spectroscopic
measurements (such as those shown later in this study)
do not show prohibitive resonance line-shifts or broaden-
ing, and thus we do not consider residual background gas
3to be a problem.
We find that our glue-free design is very robust, and
we have produced numerous nano-cells with an opera-
tion lifetime of over 1 yr. The cells can withstand dozens
of heating and cooling cycles between room temperature
and 180 ◦C. In typical operation both the cell block and
the reservoir are independently heated, so as to main-
tain a thermal gradient between the two and thus avoid
rubidium condensation in the nano-structured regions.
Heating is achieved via patches of sputtered indium tin
oxide (ITO) on external surfaces of the cell, which act
as resistive heaters when an electric current is applied
(not shown in Fig. 1(b)). Experiments with thermal va-
pors often rely on bulky ovens for cell heating, but the
compactness and transparency of our ITO layer allows
heating of the cell without compromising optical access
or the experimental footprint.
To populate the nano-scale regions with atoms, we
find that it is favourable to periodically ‘flood’ these ar-
eas with liquid rubidium by inducing a reverse temper-
ature gradient (reservoir hotter than the nano-region),
and then returning to a conventional temperature gra-
dient to evacuate the nano-regions again. After such a
cycle deposits of rubidium remain on the inner surfaces
which act as local reservoirs.
III. CHARACTERIZATION
Figure 1(b) shows a completed nano-cell with the pat-
terned regions made visible by white light interference
in the void formed between the two fused silica pieces,
producing strong colours. More subtle, however, is the
fact that the colors change both gradually and in discrete
steps across the patterned area of the nano-cell. The dis-
crete color changes occur by design due to the discrete
depth changes selected when patterning the cover slide.
The gradual color changes are a result of the surface of
the block and the internal surface of the cover slide being
non-parallel. We also note that the gradients generally
differ before and after the kiln firing process, suggesting
the process induces changes in mechanical stress in the
two fused silica pieces.
To characterize the cells, the thickness of the patterned
regions is measured after the assembly is complete. To
do so, we exploit the fact that the nano-thickness region
acts as a low finesse Fabry-Pe´rot cavity, with the internal
surfaces of the fused silica cavity acting as low reflectivity
mirrors. The transmission, T , of a Fabry-Pe´rot interfer-
ometer is [63]
T =
(1−R)2
1− 2R cos δ +R2 , (1)
whereR is the reflectivity at the fused silica interface, and
δ = 4pil/λ is the phase shift of each subsequent round-
trip reflection in the cavity, with l the cavity length and
λ the wavelength of the probing light. The free spectral
range of our micro-cavities is of order λ, hence we use
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FIG. 2. (a) A close section of Fig. 1(b), showing three dis-
crete thickness regions. The ‘spacers’ are columns of fused
silica left un-etched to prevent the cavity from bowing dur-
ing evacuation. The horizontal features above are where the
nano-channels are located. The dashed white line indicates
the axis along which measurements in (b) were recorded. (b)
Absolute cavity thickness (averaged over the 100µm focal
spot size) extracted from the fitted Fabry-Pe´rot transmission
model as a function of lateral position across the nano-cell.
The uncertainty in each depth is of order 1 nm and thus is too
small to be seen. (c) The deviation of each datapoint from
the mean value for each of the three colored sections.
white light to span multiple Fabry-Pe´rot transmission
peaks, which are fitted with a model using equation 1
(see Appendix A for further detail).
Figure 2(b) shows the result of a horizontal sweep
across the face of the nano-cell, with white light spectra
taken at 0.1 mm intervals along the axis marked (dashed
white line) in Fig. 2(a). This method gives high preci-
sion measurements of cavity thickness, averaged over the
100 µm focal spot size, at each point (with errorbars of
order 1 nm). From left to right, we find mean values of
2070 nm, 1020 nm and 420 nm for the discrete thickness
regions. The deviation from these mean values, shown in
panel (c), reveals a gradual thickness change across the
cell. The variations within each thickness region are of
the order of 1 %, and show that the nano-cell is slightly
concave, which is likely an effect of inhomogeneous reac-
tive ion etching.
The white light technique gives information on aver-
age thickness trends across the extent of the nano-cell.
However, due to the area averaged over for each data-
point, this technique does not give information on sur-
face roughness or defects on smaller lengthscales than the
focal spot size. By using AFM on similarly prepared sub-
strates, we find that an RMS roughness below 1 nm is
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FIG. 3. (a) Image produced using AFM showing the sur-
face roughness of a fused silica substrate etched to a depth
of 500 nm. This surface was prepared in the same way as
the nano-cells used in this work. This measurement was per-
formed before the cell bonding and baking steps. The RMS
roughness is 0.7 nm. If the defect at the top of the image is
excluded then this becomes 0.6 nm. For comparison, an un-
etched surface of the same fused silica used (not shown) gave
an RMS roughness of 0.43 nm. (b) A horizontal cut showing
the surface profile along the dashed line shown in (a). The
average level is indicated (black dashed). (c) The distribu-
tion of points from (b) relative to the average surface level,
with a Gaussian fit (black dashed).
routinely achievable after etching. An example is shown
in Fig. 3, for a surface etched to a depth of 500 nm.
Both the 5 µm × 5 µm region shown in (a) and the ex-
ample horizontal profile shown in (b), clearly illustrate
that the etched surfaces are of good optical quality. The
exact roughness of each sample varies, dependent on the
etch depth and conditions, and small particles or holes
of order 10 nm in size may remain. However, as we have
shown in this section, it is possible to control and char-
acterize our surfaces on various lengthscales in order to
understand the residual roughness, particles and gradi-
ents which may exist.
IV. DETECTION SCHEMES AND RESULTS
The topic of detection schemes in thin cells has already
received significant attention, with standard examples in-
cluding transmission and selective reflection spectroscopy
(see, for example, refs [28, 50, 66]), the latter having
grown in popularity since the pioneering work of Woerd-
man and Shuurmans in probing atoms close to surfaces
in 1975 [67]. In this section, we will begin by detail-
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FIG. 4. Partial rubidium energy level diagram showing key
transitions and detunings used to probe the atoms inside the
nano-cell in this work. Relevant hyperfine states are indicated
for 87Rb, 85Rb (note that these are omitted for 6P3/2 which
we do not spectroscopically probe). Two detection schemes
used in this work are labelled (a) and (b). Scheme (a) relies on
a single excitation laser at 780 nm addressing the rubidium D2
line, driving population to the 5P3/2 state which then decays
via emission of a photon of the same frequency. Scheme (b)
employs two lasers at 780 nm and 776 nm to drive atoms to
the 5D5/2 state, from which they can decay via the 6P3/2
state and produce a photon at 420 nm. The lifetimes of each
of these states, τ , are indicated.
ing the two detection schemes used in this work. These
schemes exemplify the versatility of our vapor cell design
to different input beam geometries, and are used in this
study to spectroscopically probe rubidium atoms within
our nano-cells.
The energy levels of rubidium relevant to the detection
methods used in this work are shown in Fig. 4. In the
most straightforward scheme, a single tunable laser at
λ = 780 nm is used to excite Rb atoms from their ground
state 5S1/2 to the excited state 5P3/2, i.e. on the D2 line.
Extinction spectroscopy in transmission on this (or the
D1 line, not shown in Fig. 4) has been the most widely
adopted detection technique for studying thermal vapors
due to the simplicity of implementation. However, when
the optical depth of the system is decreased, as in the case
of a nano-thickness vapor, it becomes more challenging
to detect the extinction signal due to reduced signal-to-
noise [68]. Our geometry allows us to instead perform
fluorescence measurements efficiently, employing a high-
NA objective lens to collect atomic fluorescence through
the thin cover glass.
Two fluorescence-based detection schemes are used in
this work. The single-photon scheme labelled (a) in Fig. 4
allows for detection of fluorescence activity with the ex-
citation laser light spatially filtered from the atomic flu-
orescence, for example in a total internal reflection flu-
orescence (TIRF) geometry (see Fig. 5). Alternatively,
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FIG. 5. A top-down schematic diagram of the TIRF setup. A
coupling prism is contacted to the cell with index-matching
oil, and this is used to deliver a 780 nm probe beam into
the nano-cell at an angle θ to the normal. When incident
on the back interface between the nano-region and the glass,
the beam totally internally reflects and an evanescent field is
formed inside the nano-region. This field excites the atomic
vapor. Fluorescence is collected through the front face of the
cell via a f = 2 mm focal length, NA = 0.7 plan apochromat
objective lens, onto a single-photon avalanche diode. Note
that the coupling prism used is the same for all datasets, and
simply improves ease of alignment at more extreme angles.
a two-photon excitation scheme can be used. A 776 nm
laser is added to drive population to the 5D5/2 state,
from which there is approximately 7.5 % probability that
an atom will decay via the 6P3/2 state and produce a
420 nm photon [13] (labelled (b) in Fig. 4). This light can
be spectrally separated from scattered excitation laser
light, providing an even higher signal-to-background ra-
tio than in the single-photon scheme.
Below we discuss the two detection schemes in more
detail, and employ them to record spectroscopic data
from atoms confined to the nano-cell. In all cases the
frequency axis was calibrated by a reference Rb cell in a
methodology similar to that performed in reference [69],
where the zero of detuning is chosen to be the weighted
line-center of the rubidium D2 transition.
A. Total Internal Reflection Fluorescence (TIRF)
A schematic of the TIRF setup is shown in Fig. 5. To-
tal internal reflection occurs at the glass-vapor interface,
and a single-color evanescent light field is created that
can drive atomic excitation and induce fluorescence. Al-
though strictly 3-dimensional, we consider only the vari-
ation of the laser field along the axial distance z from
the interface between the fused silica wall and the va-
por. Hence, the evanescent field has the general form
I(z) = I0e
−z/d, where I0 is the intensity at the bound-
ary immediately outside of the medium in which the to-
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FIG. 6. (a) A TIRF spectrum (red) recorded with incident
angle θ = 47° onto a 2 µm thick vapor layer, with fitted Voigt
model (black dashes). The spectrum has narrow line-widths
due to the long evanescent field depth (d = 172 nm) resulting
in less transit-time broadening. The hyperfine ground states
corresponding to each resonance have been labelled for clar-
ity. (b) TIRF spectrum (blue) as in (a), but with θ = 83°
resulting in a shorter evanescent field (d = 60 nm) and thus
greater transit-time broadening. Fitted model shown as black
dashed line. (c) Measured FWHM extracted from the Voigt
model for TIRF spectra as a function of the θ (colored dots).
Horizontal errorbars cannot be seen but are of order 1°. The
extreme data points are color matched to the spectra in (a)
and (b). Also plotted is the result of a Monte Carlo simula-
tion of thermal atoms travelling within the detection volume
(black dashed line). Inset shows the evanescent decay length
as a function of θ (see Eq. 2).
tal internal reflection is occurring, z is the perpendicular
distance from the fused silica wall into the vapor, and d
is the evanescent field 1/e decay length. This is given
by [70]:
d =
λ
4pi
(
n21sin
2θ − n22
)−1/2
, (2)
with n1 the refractive index of fused silica (≈ 1.45), n2
the refractive index of the vapor (nominally taken as 1),
θ the incident angle, and λ the vacuum wavelength of
the light field (we probe the D2 line at λ = 780 nm).
Typically we have d < λ/2pi, and thus expect frustrated
total internal reflection to have little effect in our nano-
cells with internal dimensions ∼ λ.
To demonstrate the TIRF methodology, experiments
were performed to study the transit-time broadening in-
6duced by varying evanescent field decay lengths. The
nano-cell was heated to 100°C, and fluorescence counts
were collected for 10 s with a probe beam power of 10µW.
The resulting fluorescence spectra shown in Fig. 6 con-
tain transitions from each of the two hyperfine 5S1/2
ground states, for each of the two naturally occurring
rubidium isotopes, to the 5P3/2 state (see Fig. 4) [69].
The hyperfine structure of the 5P3/2 state, with features
∼ 100 MHz, is not resolved due to Doppler broadening.
To analyze the observed spectra, we consider a line-
shape model made by the summing of four Voigt profiles,
each centered on one of the four hyperfine ground states
observed in the fluorescence spectrum. The full width at
half maximum (FWHM) of one Voigt profile is plotted
as a function of θ (colored dots, Fig. 6(c)). The trend
reveals that the spectra become broader as the incident
beam angle is increased. We understand this to be a
transit-time broadening caused by the reduced charac-
teristic decay length, d, of the evanescent light field that
probes the atoms (see Fig. 6(c) inset).
To examine the observed line-width behavior further,
we performed a Monte Carlo simulation. The simulation
initializes 3000 individual atoms with a random velocity
vector v = vxxˆ+vy yˆ+vz zˆ (see Fig. 5 for axes definition)
such that the distribution of velocity vectors approxi-
mates the Maxwell-Boltzmann distribution as expected
for an ideal thermal vapor. The spectrum of the ensem-
ble is made up of Lorentzian line-shapes contributed by
individual atoms, which are modified in two ways. First,
the line-center is shifted by the Doppler effect k ·v = kvz
as the atom moves with respect to the laboratory frame.
Second, the width of the Lorentzian is modified by the
short transit time ttrans = d/vz across the short decay
length d of the evanescent field along z. To put this
timescale in perspective, we note that at a typical tem-
perature of 100°C a thermal atom has a mean speed of
330 m s−1, corresponding to ttrans = 0.3 ns across a dis-
tance d = 100 nm. We define an effective line-width Γeff
per atom using:
Γ2eff = Γ
2
nat +
(
α
ttrans
)2
, (3)
where Γnat is the natural line-width (2pi × 6 MHz [71]),
and α is a unitless factor that attenuates the transit-
time broadening. We do not consider atomic interac-
tions or collisions, as typically we have atomic densities
of order 1012 cm−3 and do not have buffer gas within
our cells. The 3000 atom simulation was repeated ten
times at a number of discrete values of incident beam
angle θ to return a mean and standard error for each. A
fit to the simulated data is plotted as the black dashed
line in Fig. 6(c). We find that with α = 0.5 the simula-
tion captures the experimentally observed trend, however
clearly some systematic error exists. For comparison, for
transit-time broadening of atoms traversing a Gaussian
laser beam the comparable factor is α ≈ 0.2 [72]. More
complex modelling is beyond the scope of this work, how-
ever, we speculate that the differences between observa-
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FIG. 7. Top-down schematic of the fundamental components
in the TPFM setup. Probe lasers at 780 nm and 776 nm
are delivered to the nano-regions of the vapor cell, with the
780 nm beam co-propagating (a) or counter-propagating (b).
Beams along pathway (a) are focused into the nano-cell by a
100× plan apochromat microscope objective, with 2 mm focal
length, 6 mm working distance, and NA = 0.7. Along path-
way (b) the beam is weakly focused through the back face of
the cell using an f = 100 mm lens. Atoms inside the nano-
structures produce 420 nm fluorescence (see excitation scheme
in Fig. 4) which is collected by the microscope objective, and
reflected by a dichroic mirror onto a photon-counting photo-
multiplier tube (PMT) for detection.
tion and theory come about due to the evanescent field
gradient experienced by the atoms, as well as the reduced
probability of a fast moving atom being excited by the
laser field. Neither of these effects were included in our
model. The latter means that atoms with a low tran-
sit time are less likely to contribute to the fluorescence
signal, reducing the overall broadening effect.
B. Two-Photon Fluorescence Microscopy (TPFM)
As illustrated in the previous section, the technique
of single-photon TIRF gives a high signal-to-background
ratio for spectroscopy. However, it relies on detection of
fluorescence photons at the same frequency as the input
laser photons, so although it is theoretically a dark-field
method, it is in practice not free of background scatter-
ing. This poses a problem in particular for cells with
more complex structures such as one-dimensional nano-
channels (see, for example, Fig. 1(c)), where laser light
is efficiently scattered by the edges. In this section, we
detail a two-photon excitation scheme which allows flu-
orescence detection at 420 nm. The scheme is depicted
in Fig. 4, with the fluorescence pathway used for detec-
tion labelled (b). This scheme allows for straightforward
filtering of any excitation photons scattered by the sub-
strate, using commercially available bandpass filters.
Our nano-cell design allows for the use of high-NA op-
tics, which allows us to optically resolve nano-scale struc-
tures, to address and collect fluorescence from atoms
within individual structures, and to achieve extremely
high Rabi frequencies even on weak transitions. In this
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FIG. 8. 420 nm fluorescence (blue histogram) recorded from
a region of the nano-cell with 1µm depth (i.e. confinement
along z). A counter-propagating two-photon excitation ge-
ometry is used (see inset diagram illustrating atomic layer
and input beams, as well as Fig. 7). Note that this spectrum
corresponds to the left half of that shown in Fig. 6(a). An
empirical fit comprising six Voigt profiles (black dashed) was
performed, with the locations of the resonances constrained
to the relevant hyperfine transition frequencies, their magni-
tudes constrained to the isotopic abundance-weighted tran-
sition strengths, and their widths set to be equal (but al-
lowed to vary as a fit parameter). This yields a line-width of
(32± 1) MHz. Partial energy level diagrams are shown above
for reference. For this dataset, powers of 350 µW at 780 nm
(focussed with the f = 100 mm lens) and 20µW at 776 nm
(focussed with the f = 2 mm lens) were used, with a cell
temperature of 60 ◦C and an integration time of 12 h.
section we employ a NA = 0.7 plan apochromat micro-
scope objective to address atoms within volumes ∼ λ3
confined in nano-scale structures, where spatial confine-
ment is typically ≤ 1 µm in one or two dimensions. Fig-
ure 7 shows the experimental setup, where the two exci-
tation lasers are delivered to the nano-regions in co- or
counter-propagating arrangements, and atomic fluores-
cence photons are collected via the microscope objective.
Our high-NA approach leads to small beam sizes and
extremely high Rabi frequencies at modest laser power.
For example, a 776 nm laser power of 20µW and a spot
size of 1 micron gives a Rabi frequency of 2.9 GHz on the
5P3/2 → 5D5/2 transition (using the dipole matrix ele-
ment measured for this transition in [73]). This means
that atoms in the 5P3/2 state are promoted to the 5D5/2
state at a rate much faster than the Doppler width. Be-
low we will discuss the effect of this on resonance line-
shapes observed in both co- and counter-propagating
regimes.
In the experiment, we scan the first step 780 nm laser
through the D2 resonance while employing excited-state
polarization spectroscopy [74] to frequency stabilize a
second step laser at 776 nm to the 5P3/2 → 5D5/2 tran-
sition. Subsequently we detect 420 nm fluorescence pho-
tons from the 6P3/2 → 5S1/2 decay (see Fig. 4).
Firstly, we report on the results of implementing a
TPFM scheme in which the two excitation beams are
counter-propagating in the nano-cell (see (b) in Fig. 7).
As can be seen in Fig. 8, this scheme gives well re-
solved sub-Doppler fluorescence resonances correspond-
ing to the transitions from the hyperfine 5S1/2 ground
states to the allowed 5P3/2 hyperfine states. In this
scheme, a large 780 nm excitation volume allows atoms
to be excited to the 5P3/2 hyperfine states. Some of
these excited atoms will subsequently enter the tightly
focussed 776 nm spot, and will then sequentially excite to
the 5D5/2 state due to the high Rabi frequency as noted
above. Hence, the splittings and line-strengths observed
correspond closely to those for the 5P3/2 hyperfine levels.
A Voigt fit yields a FWHM of (32 ± 1) MHz, consistent
with transit-time broadening with 1µm confinement. In
contrast to single laser pump-probe schemes, crossover
resonances are also absent, affording better resolution of
the allowed hyperfine transitions. Note that nano-cells
are the ideal platform for the study of the interaction of
atoms and high intensity laser fields, as the extent of the
confined atoms can be smaller than the Rayleigh range,
thus removing the necessity to average over different in-
tensity regimes (which would be the case in a standard
millimeter-sized vapor cell). Our bespoke nano-cell de-
sign allows high-NA objectives to be placed close to the
atomic layer to facilitate such studies.
Spectra were also obtained using the TPFM method
with a co-propagating geometry (see (a) in Fig. 7), and a
selection of these are shown in Fig. 9. Here the nano-cell
was displaced along the optical axis of the microscope
objective, such that atoms sampled the laser intensity
profile locally. The spectral features in the datasets arise
due to the hyperfine structure of the 5P3/2 state, though
not all hyperfine states are fully observed or resolved.
We no longer observe the same activity ratios between
hyperfine levels as in counter-propagating case (Fig. 8).
We attribute this to the fact that, in this scheme, both
lasers are tightly focussed, leading to a small excitation
volume. This means atoms must be excited to the 5D5/2
state within the timescale of transit across the 1µm spot
(approximately 4 ns). In contrast to the sequential ex-
citation in the counter-propagating case, signal is now
only observed where the 780 nm laser is at the cor-
rect frequency such that it can, in combination with the
frequency-stabilized 776 nm laser, cause atoms to be ex-
cited to the 5D5/2 state. At the higher intensities stud-
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FIG. 9. Top: Reference spectrum produced using a single-
color pump-probe hyperfine spectroscopy setup [75] in a
75 mm cell. Each Doppler-broadened profile exhibits six
sub-Doppler features (some too weak to be seen), with the
three indicated corresponding to the hyperfine 5P3/2 states
(see Fig. 8), and the other three to crossover resonances be-
tween these. Below: TPFM spectra recorded with 780 nm
and 776 nm beams co-propagating (both along path (a) in
Fig. 7) incident on a region of the nano-cell with 1µm depth
in the direction of the excitation beams. The nano-cell was
translated with respect to the focal point of the beams (la-
belled 0µm), such that the atoms experience different inten-
sity environments at different z positions (labelled). Inset
diagrams illustrate this translation of the atomic layer with
respect to the focus. High intensities at the focus give rise to
power broadening, which in combination with the changing
collection efficiency and illumination area, also results in the
changing count rates between spectra. Features in the TPFM
spectra relate to the hyperfine 5P3/2 states. Excitation beams
had powers of 7µW at 780 nm and 20 µW at 776 nm, with a
Rayleigh range of approximately 4µm. Each dataset had an
integration time of 1–10 mins at a cell temperature of 65 ◦C.
ied we do observe a secondary resonance to the left of
the main 85Rb peak, but in this case the resonances are
strongly power broadened and Stark shifted.
The data in Fig. 9 clearly illustrates that the spec-
troscopy method used is very sensitive to changes in po-
sition of the thin atomic medium. The observed mod-
ification of the spectra can be attributed to two main
effects. Firstly, power broadening causes broader spec-
tral features closer to the focus (z = 0 µm) due to the
higher intensities experienced by the atoms. Secondly,
moving away from the focus alters the amount of fluores-
cence generated by the atoms (via changing intensity and
illuminated area) and also collected by the objective lens,
causing the changes in count rates observed. Transit time
broadening due to the small spot size at the focus will
also be a less significant contributing factor. The spec-
tra which do not strongly exhibit the effects of power
broadening (for example those at z = ± 125 µm) also il-
lustrate the benefit of our experimental scheme: narrow
sub-Doppler fluorescence resonances are obtained in a co-
propagating geometry as well as the counter-propagating
one seen in Fig. 8. This allows for a compact setup
whereby a single objective delivers both excitation beams
to a tightly focused spot in the atomic medium, as well as
collecting the atomic fluorescence. In fact, a Voigt fit to
the uppermost spectrum (z = 125µm) yields a FWHM
of (57.5±0.6) MHz, the same order of magnitude as that
achieved in the counter-propagating case.
The TPFM method in the co-propagating geometry
was also used to probe atomic vapor confined along
a channel with a width and depth of 1 µm (shown in
Fig. 10(a)). As displayed in Fig. 10(b), we find that a
density gradient exists in the vapor as the fluorescence
intensity reduces along the channel (with all other exper-
imental parameters held constant between measurement
sites). Given that this particular cell had been in opera-
tion for 1 year, it would be reasonably expected that an
effective steady state had been reached in terms of atomic
vapor distribution. However, as is shown by the decay-
ing integrated count rate, this is not the case. Instead we
have found that atomic vapor density is reproducibly not
uniform along channels with confinement on lengthscales
≤ 1 µm. The vapor pressure is perturbed simply by the
presence of tight confinement, a result which provides
new and important insight into the diffusion properties
of atoms inside nano-scale structures.
For the experiments reported in Fig. 10, the excita-
tion beam powers used were a compromise between signal
strength and power broadening. Hence by fitting Voigt
profiles to the spectra we obtain an average FWHM of
140 MHz and, as illustrated in Fig. 10(c), show that the
FWHM does not vary significantly between sites in this
tight confinement regime. The observed power broaden-
ing alludes to the tight focus of the beam which delivers a
high intensity even at the low powers used. In Fig. 10(d)
and (e), we present spectra corresponding to the closest
and farthest measurement points, which have FWHMs of
(130± 10) MHz and (120± 20) MHz, respectively.
The TPFM method offers promise for the detection
and study of low numbers of atoms confined to nano-
scale structures. From the count rates observed in the
spectrum shown in Fig. 10(e), we have extracted an esti-
mate of the number of atoms excited to the 5D5/2 state.
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FIG. 10. (a) Bright-field image of a single channel, with
a width and depth of 1µm. In this image the source of
rubidium atoms (reservoir) is from the left, as indicated.
TPFM spectra were recorded at various locations along this
channel (indicated). All spectra were empirically fitted with
Voigt profiles, and from these fits the (b) integrated count
rates and (c) FWHMs are plotted as a function of position.
An empirical exponential decay is fitted to the activity data
(black dashed), which yields a characteristic decay length of
(4±1) µm. Errorbars for both the activity and FWHM values
were estimated using the functional approach [76]. (d) and
(e) show two example spectra, color matched to the extreme
points studied. This dataset was taken with powers of 50 nW
at 780 nm and 776 nm, integration times of 0.5–9 hours, and
a cell temperature of 60 ◦C)
Accounting for the efficiency and throughput of our de-
tection setup, as well as the lifetime of the 5D5/2 state,
we estimate that the on resonance count rate observed
corresponds to a mean value of just 0.01 atoms excited
to the 5D5/2 state within the detection volume. If in-
stead we extract the atomic number density from the
measured cell temperature and the rubidium vapor pres-
sure curve, as is standard in experiments with bulk vapor
cells [77], we find a mean ground state atom number of
1.5 within the same volume. Whilst we do not believe
the bulk number density relationships to exactly hold in
a thin cell (a consequence of tight confinement which our
results in Fig. 10 begin to shed light on), this calcula-
tion provides an estimate for comparison. The extracted
value of 1.5 ground state atoms is consistent with the ex-
perimental value of 0.01 atoms in the 5D5/2 state, as we
would expect that only a fraction of atoms are excited
to this state. Further modelling is, however, beyond the
scope of this work.
Our data have also shown that it is possible to spec-
trally filter fluorescence signals from the TPFM method
in such a way that the noise observed far off resonance,
such as that in the spectra shown in Fig. 8 and Figs. 10(d)
and (e), is consistent with the dark count rate measured
for the photon-counting PMT used in this work. This
dark count rate is approximately ≤ 5 cps, and the in-
put laser powers used in this work lie in the range µW–
nW. As such this method is highly sensitive to low atom
numbers (exemplified by the estimated atom number and
moderate cell temperatures used in this section), whilst
also allowing for long integration times limited only by
dark noise. Thus, given our demonstrated experimental
versatility and considerable control over atom numbers
through cell temperature and confinement geometries,
work towards interrogating low numbers of atoms is a
promising avenue of further study.
V. CONCLUSION
We have designed and fabricated a nano-structured
alkali-metal vapor cell that offers flexible optical access
and high-NA imaging. Our glue-free design has proven to
be durable and reliable, avoiding out-gassing and degra-
dation of the internal atmosphere over time. The for-
mation of nano-scale structures inside our cell, via direct
write laser lithography and reactive ion etching, is flexi-
ble and highly customizable.
We have illustrated the versatility of optical access af-
forded by our nano-cell design through the methods of
TIRF and TPFM. The TIRF method allows for fine con-
trol of the atomic excitation region on the nanometer-
scale, enabling our study of the transit-time broaden-
ing induced on this lengthscale. Meanwhile, TPFM is a
high signal-to-noise dark-field measurement, and is used
in this work to illustrate the potential of nano-cells for
sensing applications by studying the spectral responses
of the vapor layer. Here our high-NA focusing also en-
ables strong driving of even weaker transitions, and it is
this effect, rather than Doppler broadening, that domi-
nates the observed line-shapes. Finally, using the TPFM
method, we have spectroscopically probed atoms con-
fined by 1µm in two dimensions. Through this method,
we have demonstrated that tight confinement regimes
modify the local atomic vapor density, paving the way
for development towards room temperature atom-based
devices with close control of atom number at the level of
single atoms.
The highly localized control of atom number avail-
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able by patterning confinement geometries that we have
demonstrated opens doors towards the possibility of few-
and single-atom applications. For example the local va-
por density could be controlled in such a way as to pro-
duce a single atom source, for example by patterning
nano-channel geometries to, on average, only allow a sin-
gle atom from the thermal ensemble to pass through.
This could open doors to heralded single atom genera-
tion. Engineering local atomic density towards having
only a single atom on average within an interaction re-
gion would then hold promise for work towards single
photon sources, for which our platform would provide a
scalable and robust architecture.
The nanoscopic character of our vapor cell and the
omnipresence of its walls readily provide sub-Doppler
spectral resolution, giving access to individual hyperfine
transitions of rubidium. Other technical advantages of
our cells include the integrated ITO heating system and
the high excitation and collection efficiency of our high-
NA approach, which allow for operating the chip at rela-
tively low temperatures compatible with biological sens-
ing. The combination of these features with high-NA
lateral resolution and the ultra-thin extent of the atoms
makes our nano-cell a powerful spatially-selective sens-
ing tool. A special example of current interest in sensing
is magnetometry with nano-scale resolution [18], and in-
deed sensitive magnetometry has been recently demon-
strated using nano-cells [15]. Our chip and measurement
platform allows for improved spatial selectivity and high
lateral resolution, especially for probing magnetic fields
close to surfaces. The thin front panel and compact-
ness of our design are key benefits in this regard, es-
pecially with regards to the ITO heater which removes
the problem of bulky cell ovens experienced with previ-
ously reported vapor cells. That we can pattern arbi-
trary nano-structured geometries, rather than the stan-
dard wedge-shape, also gives considerably greater versa-
tility for extremely spatially-selective measurement (e.g.
spatially-selective field imaging in one dimension using
a thin atomic layer, or in two dimensions using a pat-
terned nano-channel. The bespoke nature of our novel
fabrication process also makes it possible, for example,
to deposit material layers during cell manufacture which
ultimately reside inside the finished cell. This could al-
low measurement of magnetic fields extremely close to
material surfaces, enabled by the proximity of the atomic
nano-layer.
The architecture of our nano-cell makes it well adapted
to the application of microscopy and spectroscopy tech-
niques that are routine in nano-optics. As well as
TIRF and TPFM, further potential examples include
stimulated emission depletion (STED) fluorescence
microscopy [78]; fluorescence correlation spectroscopy
(FCS) [79]; and interferometric scattering (iSCAT) - a
scheme which has been used previously to detect single
nanoparticles and even charge transport via Rayleigh
scattering [68, 80]. These detection schemes, along with
the versatility of the cell design and manufacturing pro-
cess, offer access to a multitude of investigative routes.
Further potential directions of study include the use of
light-induced atomic desorption (LIAD) to locally mod-
ify the atomic vapor density, depositing micro-electrodes
or micro-patterning structures such as waveguides or
microring resonators within the nano-cells, or even
adding dipole trapping to the setup [81]. Maturing
the platform with integration of optical components
to an on-chip design offers a promising route towards
highly-scalable atom-based quantum technologies.
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